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Abstract 

We study soft SUSY breaking parameters in the Nelson-Strassler type of mod- 
els: SUSY standard models coupled with SCFTs. In this type of models, soft SUSY 
breaking parameters including sfermion masses can be suppressed around the de- 
coupling scale of SCFTs. We clarify the condition to derive exponential suppression 
of sfermion masses within the framework of pure SCFTs. Such behavior is favorable 
for degeneracy of sfermion masses. However, the realistic sfermion masses are not 
quite degenerate due to the gauge couplings and the gaugino masses in the SM sec- 
tor. We show the sfermion mass spectrum obtained in such models. The aspect of 
suppression for the soft SUSY breaking parameters is also demonstrated in an ex- 
plicit model. We also give a mechanism generating the /x-term of the Electro- Weak 
scale by a singlet field coupled with the SCFT. 
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1 Introduction 



Understanding the origin of the flavor structure, i.e. hierarchical fermion masses and 
mixing angles, is one of the most important issues in particle physics. Actually, several 
types of mechanisms to realize the fermion mass matrices have been proposed, e.g. the 
Froggatt-Nielsen mechanism and some new ideas concerned with extra dimensions 

Supersymmetric extension is one of attractive ways beyond the standard model (SM). 
In supersymmetric models, realization mechanisms of fermion mass matrices, in general, 
affect the sfermion sector. Each realization mechanism of the flavor structure would lead 
to a proper pattern of the sfermion mass matrices as well as supersymmetry (SUSY) 
breaking tri-linear couplings. For example, within the framework of the Froggatt-Nielsen 
mechanism with gauged extra symmetries, sfermion masses have the so-called D-term 
contributions, which are proportional to charges of fermions under broken symmetries. 
Alternatively, if the Yukawa couplings are subject to the infrared (IR) fixed points a 
la Pendelton-Ross we have specific relations among the soft SUSY breaking terms 
10. Thus, study on the sfermion sector is interesting to distinguish several types of 
realization mechanisms of the flavor structure. Furthermore, the sfermion sector has 
severe constraints due to experiments of flavor changing neutral current (FCNC) processes 
as well as CP physics 0. FCNC problems can be solved by three ways, (1) degenerate 
sfermion masses, (2) decoupling of heavy sfermion masses Q and (3) the alignment of the 
fermion and the sfermion bases. 

Recently, supersymmetric standard models (SSMs) coupled with superconformal field 
theories (SCFTs) have been discussed by Nelson and Strassler [§]. Here the SCFT means 
the theory realized at a nontrivial IR fixed point. Such fixed points are known to exist 
according to the discussions given in ref. Within this framework, quark and lepton 
fields coupled with the superconformal (SC) sector have enhanced anomalous dimensions 
due to strong gauge and Yukawa couplings in the SC sector around IR fixed points. 
The anomalous dimensions lead to the hierarchically suppressed Yukawa couplings at low 
energy in the SSM sector even if those are of 0(1) at high energy. Thus, this can provide 
with one type of mechanisms to generate realistic quark and lepton mass matrices. 

Superconformal IR fixed points have more intriguing aspects for renormalization group 
(RG) behavior of SUSY breaking parameters. For example, IR behavior of softly broken 
supersymmetric QCD has been studied in ref. and it has been shown that the gaugino 



mass and the squark masses are exponentially suppressed around the IR fixed point 0. 
Furthermore, its dual theory is described in terms of dual quarks and singlet (meson) 
fields 0]. In the dual side, SUSY breaking tri-linear couplings are suppressed. Moreover 
the soft scalar masses of the singlet fields as well as the sum of (mass)^ for the dual squark 
and its conjugate are found to be suppressed. 

^The recent measurement of the muons anomalous magnetic moment disfavors the decouphng 
solution at least for the slepton sector, if the deviation from the prediction of the SM is indeed due to 
superpartners. 

^See for a review of superconformal theories and their dual descriptions. The IR fixed points have 
been discussed also in |l^ . 
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In ref. [Q, it has been mentioned that the above behavior of suppressed soft scalar 
masses around the IR fixed point can be useful to avoid the dangerous FCNC processes. 
Because it is expected that sfermion masses at least for the first and the second families 
would be quite suppressed at the decoupling scale of the SC sector and that after decou- 
pling the masses receive radiative corrections due to gaugino masses of the SSM sector, 
which are flavor-blind. Thus, sfermion masses could be degenerate at low energy for any 
initial condition at high energy. 

From the above phenomenological viewpoint, it is quite interesting to study the IR 
behavior of softly broken SCFTs and SSMs coupled to the SC sector, and to clarify the 
conditions leading to exponentially suppressed SUSY breaking terms. That would provide 
with useful constraints for model building. 

In this paper we study first the IR behavior of general softly broken SCFTs by means 
of the so-called exact beta functions. The conditions to realize suppressed SUSY breaking 
terms will be shown. It is also shown that some fields become tachyonic in generic cases. 
These aspects around the IR fixed point are useful also for phenomenology. Next we 
discuss phenomenological aspects of SSMs coupled with the SC sector. Taking account of 
the effects due to gaugino masses of SSMs, the sfermion masses are found to converge to 
flavor dependent values. We study this flavor dependence of the sfermion masses remained 
after suppression and show how much degeneracy between sfermion masses is achieved 
finally at the weak scale. In practice the range of scale where the SSMs couple with the 
SC sector must be finite so as to generate the small but non- vanishing Yukawa couplings. 
Therefore the sfermion masses do not totally converge at the decoupling scale. We also 
discuss the amount of convergence by demonstrating the RG fiows for explicit models. It 
is mentioned also that the SCFT may resolve the /i-problem in SSMs in a natural way. 
We will show a model in which soft SUSY breaking mass of a singlet coupled with SCFTs 
becomes tachyonic and appears of the weak scale automatically. If this singlet couples to 
the Higgs fields, then the /x-term may be generated through vacuum expectation value of 
the weak scale. 

This paper is organized as follows. In section 2, we study IR behavior of pure SCFTs 
with soft SUSY breaking terms and show the condition for suppressed sfermion masses. 
We also give speculative considerations on SCFTs with nonrenormalizable couplings and 
corresponding SUSY breaking terms. In section 3 we study SSMs coupled with the SC 
sector. In subsection 3.1 we give a brief review on the set-up of Nelson-Strassler models, 
and also a constraint for the decoupling scale of the SC sector is given. In subsection 3.2 it 
is found that gaugino masses in the SSM sector have important meaning for exponential 
suppression of soft scalar masses, and that is significant also from the viewpoint of FCNC 
constraints. Within the framework of minimal SSM (MSSM), we give numerically how 
strongly sfermion masses are degenerate at the weak scale. Also a typical mass spectrum 
is shown in subsection 3.3. In section 4 we consider explicit models showing the desired 
suppression. After discussing the types for such models in subsection 4.1, we demon- 
strate typical RG-fiows in an illustrating model in subsection 4.2. The convergence of the 
sfermion masses are examined also there. In section 5 the /i-problem is discussed. Section 
6 is devoted to conclusion and discussions. 



2 



2 Exact results for soft masses in SCFT 



2.1 Beta functions 

In this section we are going to discuss IR behavior of the soft parameters added to generic 
SCFTs. In particular soft scalar masses will be found to satisfy interesting sum rules. Our 
argument is based on the explicit form of the beta functions for soft parameters |ll6|-||23|. 
Therefore we first review the exact beta functions of general softly broken supersymmetric 
gauge theories in this subsection. 

Let us begin with the gauge coupling and the corresponding gaugino mass. The 
holomorphic gauge coupling S = l/2gl satisfies the RG equation (RGE): 

where Tj is the Dynkin index and Tq denotes the Dynkin index (quadratic Casimir) of 
adjoint representation. The physical coupling g is related to the holomorphic coupling 
through the general formula: 

8n^{S + S^) -J^TilnZi = - + Tq In a + ^ a„a" = (2) 

i ^ n>0 

where a = g'^/Sn^ and Zi denotes the wave function renormalization of the chiral superfield 
The coefficients a„ are the scheme-dependent constants and the NSVZ scheme is 
given by an = 0. From this relation the beta function for a is given exactly as 

where the anomalous dimension ji is defined by 

dlnZi 

li = --7] ■ 4 

Here we assume the wave function renormalization to be diagonal just for simplicity. 

The gaugino mass can be incorporated with the gauge coupling by superfield extension. 
The holomorphic coupling is extended as 

S=^{l-M,e'). (5) 

Here S satisfies the same RGE as S does. On the other hand we extend also the wave 
function renormalization factors Zi and the physical gauge coupling to real superfields as 

Zi = Z^i(l — m'^9'^9^)Ztf,i, 

a = a (l + MO^ + MP + (2MM + Ay)eW) , (6) 

where M and mf give the gaugino mass and the soft scalar masses respectively. We have 
extracted the chiral and the anti-chiral parts of Zi as Zm and Z^i for the wave function 
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renormalization of the (anti-)chiral matter fields. Here is determined by consistency 
with the extended relation 



87r2(S + 5t)-^r,lnZ, = F(«), 



(7) 



and is found out to be 



A. 



1 



aF'(a) 



Y.Tim'^ - (aV(a))'MM 



In the NSVZ scheme A„ is given by |20|, |T|, |2 



a 



1 - Tna 



(9) 



The beta function of the gaugino mass can be derived from the extended relation by 
expanding with 9"^ and found to be 



dM d\na 



02 



5^|3To-I:t.(1-7.)1 



(10) 



6»2 



where the extended anomalous dimension 7^ is given by 



7i 



dhijji 



Next let us consider the Yukawa couplings and the tri-linear couplings given by the 
superpotential 

\y'i^ -0^e^)(t)'(t)^(t)^. (12) 



w 
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The SUSY breaking tri-linear coupling is often written as h^^^ = y^^^A^^^, where 
j^ijk called as A-terms. Because of non-renormalization of the superpotential, the 
holomorphic couplings Y^^'' = y'^^^ — k^^^O"^ are renormalized by the chiral superfield Z^j 

as 

V^jk _ -i^iiA: 7-1 7-1 7-1 /iq\ 
-'bare — ^ ^ 4>i ^ 4>j ^(f>k ■ \^'^) 

By noting that the chiral superfields are represented as 



Z7} = Z 



1/2 



02 



(14) 



we can immediately derive the beta functions for the Yukawa couplings and the tri-linear 
couplings as 



pijk 



y 

ijk 



dy^i^ 1 

= i(7< + r, + 7.)A'" - (7.'" + 7f + 71")!/'" 



(i/i 



(15) 
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It has been known that the wave function superfields Zi are also given by the extension 
of [0: 

Z, = Z,(a,f^■^^,^.,), (16) 

where the extended Yukawa couphngs y^^^ are defined by 

1 
2 



Therefore the superfields Zi are given explicitly in terms of the rigid factor Zi as 

Zi = Z, + DiZ.e^ + DiZiO'^ + D^ZS'^W, (18) 
where Dx and D2 are the differential operators defined by 



da dy'^^^ 

Here it will be helpful for the later discussions to note that a*^^ = jy^-^'^p/STr^ satisfies the 
same form of renormalization as the rigid one: 

«£re = &^'Zr^Zj'Z^\ (20) 

Moreover, we find the beta functions for the scalar masses also by the superfield extension 
as 



_ dmf dlnZ, 



(2) 

Ti 

D2%. (21) 



2.2 RG flows around the IR stable flxed points 

First let us consider the IR fixed point of the rigid beta functions where the SCFT 
realizes. The beta functions for the gauge coupling and the Yukawa couplings vanish, i. e. 
Pa = Pl^'' = 0, when the anomalous dimensions satisfy the following conditions: 

i i 

7i + 7,+7fc = 0, (22) 

for each Yukawa coupling. We may wonder that these conditions are insufficient to deter- 
mine the fixed points, since the Yukawa couplings are complex in general. However the 
phase of the Yukawa coupling is not renormalized by the real wave function renormaliza- 
tion. Also the anomalous dimensions are actually independent of the phases, since they 
are found to satisfy 



,ijk ^7 
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As a result the phases of the Yukawa couplings are completely undetermined in all order of 
perturbation. This is similar to the behavior of ^-parameter in generic gauge theories. On 
the other hand, however, the (ir)relevance of the couplings concerns only with evolution 
of their absolute values. Therefore we should rather consider the real couplings a^^^ = 

Now we assume existence of the IR attractive non-trivial fixed points (a^,, 
Then generic low energy effective theories turn out to be SCFTs subject to these fixed 
points. Around the IR attractive fixed points, both of the gauge coupling and the Yukawa 
couplings should be irrelevant. If we take infinitesimal variations from the fixed point: 
a = a* + Sa, a"^^ = a^^^ + Sa'^J^, then the variations are subject to the linear differential 
equations 

dSa , ^^u, , 

= I — I *«+ 

= 1^1 fof. (24) 

where the asterisk represents evaluation at the fixed point. The irrelevance of these 
couplings means that the eigenvalues of these equations are all positive. 

Next let us consider the IR behavior of the gaugino mass and the tri-linear couplings 
ITSf. As we have already seen, the beta functions for these couplings can be obtained 
by the Grasmannian expansion. Specially the extended couplings a and a]j^ satisfy the 
same form of the RG equations: 





da n r~ ~ ^ 

^lil ^ IJa[<y,Oiy), 

= (25) 

As a result, a^M and — |/ijfc*^*"''^/87r^, as well as their complex conjugates, are found to 
satisfy the same linear differential equations for 5a and 5a^^^ given by (^4]) around the 
fixed point. Therefore both of M and h^^^ acquire negative anomalous dimensions and 
decrease exponentially towards the IR region. Note that this does not always mean that 
these couplings are irrelevant in Wilson's sense, since they are dimensionful. 

We also regard the 9^9^ components of the extended couplings as the infinitesimal 
variations. Since M and h^^^ vanish at the IR regime, the variations given by 

5«J;'= = a'^^{m^^+m] + ml)9W, (26) 

satisfy eq. (p^). This shows that J2iTimf as well as + m'j + m| corresponding to 
the Yukawa couplings y'^^'' decrease exponentially towards the IR regime. By using the 
IR behavior of the soft parameters clarified so far, it is seen that the beta functions for 

We do not consider the possibility of fixed lines. 
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soft scalar masses also decrease exponentially. Consequently we find that the soft scalar 
masses approach to the constant values satisfying 



i 

ml + m] + ml = 0, (27) 



for each Yukawa coupling. Each IR value rrii is heavily dependent on the initial soft 
parameters. However these relations among them must be universal. In the case that the 
anomalous dimensions 7, are completely determined by eq. (^), the above equations ( P7| ) 
lead to the vanishing IR soft scalar masses for the corresponding masses. This happens 
whenever the anomalous dimensions of the fields can be uniquely determined from an 
R-symmetry, since the dimension of the field must be given by the R-charge in SCFT ^j. 

We mention the dual SQCD as a special case. The theory contains the magnetic quark 
pairs (g, q) and a gauge singlet M and the Yukawa coupling of them is unique, W = yqqM. 
Therefore the soft masses of them should behave as f\ 

{mlmlml,) ^ m\l,-l,0). (28) 

If we assume = m? as the initial condition, then all scalar masses are exponentially 
suppressed. 



2.3 Higher dimensional interactions 

The higher dimensional operators can be turned into ones relevant to the large anomalous 
dimensions at the fixed point. Therefore we should include such operators as well to find 
the IR stable fixed points in general. However we cannot apply the RG framework for the 
renormalizable theories discussed so far. If there were found the Wilson RG respecting the 
gauge symmetries and supersymmetry simultaneously, it would give a suitable framework 
instead. Here we naively assume such a framework and discuss the IR behavior of the 
soft parameters around such fixed point somehow speculatively. 

Suppose that the superpotential of SCFT contains also higher dimensional operators 
such as 

nl 

The non-renormalization for the superpotential and the gauge coupling may well be sup- 
posed to remain intact. Then we write the Wilsonian effective Lagrangian as 

C = j <fdK{(P\ ^) + / ^^^1^*^^°^" + / ^^^^(0') + ^-c-, (30) 



^Similar discussions of suppressing the sfermion masses in the dual side have been done also in ref. 

^ Perturbative nonrenormalization theorem applied to the nonrenormalizable theories has been pre- 
sented in ref. p5[ |. On the other hand non-renormalization is not maintained non-perturbatively in 
general, e.g. the AfHeck-Dine-Seiberg superpotential. We assume that such corrections are absent in the 
following argument. 



7 



where the superpotential W is given by eq. The Kiihler potential K given generally 
as 

contains generic operators On allowed by symmetries. It should be noted that the wave 
function renormalization factors Zi depend also on the effective couplings k„ as well as 
other couplings in the Wilson RG. 

The gauge beta function is given in the same way as eq. (|^) except the fact that the 
anomalous dimension 7j is defined from the generalized wave function renormalization Zi. 
The beta functions for the couplings y*i*2 - «n ^^.^ ^^^^ given by 

^n..-.„ = /x^^ = (n - 3)f^^--'" + -(7., + + ■ ■ ■ + ■ (32) 

The beta functions for are unknown though. All these beta functions are required 
to vanish at the fixed points. If the fixed point action contains the higher dimensional 
interaction i/*^*^"'*"^*^^*^ ■ ■ ■ 0*", then we impose 

i i 

7* + 7* +--- + 7;„ = -2(ri-3), (33) 

as the necessary condition. If the fixed point is IR attractive, then all the eigenvalues 
of the linearized beta functions for the infinitesimal variation from the fixed point values 
must be positive. 

Now we shall consider to incorporate the SUSY breaking parameters by applying the 
spurion method. We introduce the chiral superfield y*i*2 ' *n _ ^n«2-- «n _y^i\i2- -%n.Qi ^]-^g 
real superfields k„ adding to Zi and a defined by eq. (H). Here suppose the wave function 
superfield Zi is simply given by the extension as 

~Z, = Z,{a,r---\%...kr^n)i (34) 
where the extended couplings y^^'"^ are defined by 

The reasoning of this extension is the same for the Yukawa coupling. Then the beta 
functions for \y'^^"'''\'^ as well as a can be given by extending the couplings in the rigid 
beta functions for \y^^"'^\'^. Since the fixed point is IR attractive, the O'^O'^ term in the 
extended couplings given by (^Sj) decreases exponentially again. Namely we could obtain 
the extended sum rule at IR as 

+ + ■ ■ ■ + 0. (36) 

3 SSMs coupled with SCFT 
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3.1 Yukawa hierarchy 

Here we give a brief review on the mechanism to reahze hierarchically suppressed Yukawa 
couplings following ref. p. We assume two sectors: One is the SSM sector, which has the 
gauge group Gsm = SU{?>) x SU{2) x U{1)y or an extended group, and three families 
of quarks and leptons as well as Higgs fields H^^. The i-th. family of them are denoted 
by qi representatively, and they have ordinary Yukawa couplings y^^^^q^q'^Hu^- The other 
sector is the SC sector, which has the gauge group Gsc and matter fields, which are 
denoted by representatively. The SC-sector matter fields also have their couplings 
yrir2 --rn(^ri(^T2 . . . ,|,r„ ^ ^.j^^ families of are assumed to have Yukawa cou- 

plings with i.e. A^'**$^'$*g*. In the small tan/? scenario, the bottom quark and tau 
lepton as well as the down sector Higgs field Hd must be coupled to Altogether we 
have the following superpotential, 

W = yl^qlqi^Hu^d + X'^^^^ -^-^^'^<!)''^ . . . + X^''^^^'q\ (37) 

The SSM matter fields and Hu,d are assumed to be singlets under Gsc- Hence, some 
of SC matter fields must have nontrivial representations under Gsm to allow Yukawa 
couplings X^'^^^^^'^qi. The gauge couplings of the SSM sector and SC sector are denoted 
by fifa (« = 1) 2, 3) and g', respectively, and the gauge group Gsc is assumed to be strongly 
coupled. On top of that, as said in the previous section, it is expected that the SC sector 
has a non-trivial IR fixed point. Here we assume that the gauge couplings Qa of the 
SSM sector are weak compared with g'. Then we neglect ga and Yukawa couplings y^^^ 
of the SSM sector for calculations of the fixed point for g', X^^"" and A'''"^''^ ''"", that is. 
Pa' = P\ = Py = 0, where 

P. - ^[3Tc-ET.(l-7.)] 

Pr = y''ilr + ls+l^) (38) 

P^-'- = A----(7.,+7.. + --- + 7rJ. 

Through this procedure, the anomalous dimensions 7, of the SSM matter fields are 
obtained by fixed point values of g' and A''** and A'''^''^'"''", and in general, large. In 
particular, the anomalous dimension 7j is fixed to be a definite value in the certain case 
as discussed in the previous section, and also in that case the corresponding sfermion 
mass is exponentially suppressed. Thus, we have the following beta-function of y^^^, 

Pl, = lyU^u + 7Rj+7H^J, (39) 



and the Yukawa coupling at the decoupling energy scale of the SC-sector is obtained 

To, 



y'UM^) = yUMo) [jf) , (40) 



where y^l^^Mo) is an initial condition at Mq. The factor Mc/Mq gives the suppression 
factor. Thus, even if ?/*-'(Mo) = 0(1) for most of we can have hierarchical Yukawa 
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matrices by powers of large anomalous dimensions 7j.[] Note that y^^{Mc) itself is not 
a fixed point or its value is not fixed, but its suppression factor is fixed. Here large 
anomalous dimensions play a role similar to U{1) charges of the Froggatt-Nielsen mech- 
anism with an extra U{1) symmetry. Resultant Yukawa matrices have the same form 
as the Froggatt-Nielsen mechanism. To obtain realistic Yukawa matrices, we need non- 
degenerate anomalous dimensions, 7^ 7^ 7j. 

The decoupling energy scale Mc is obtained by mass terms of In general, families 
can have different decoupling energy scales each other, because they couple with different 
fields However, here we restrict ourselves to the universal decoupling scale Mc for 
simplicity. The discussions in the following sections can be extended to the case with 
non-universal decoupling scales. Such mass terms for decoupling can be generated by 
another dynamical mechanism. 

The decoupling energy scale Mc should not be as low as the weak scale. One constraint 
for Mc comes from the fact that $^ are charged under Gsm and inclusion of such extra 
matter fields change beta-function coefficients of Gsm to be asymptotically non-free. In 
that case, the gauge couplings would be strong at a high energy scale and comparable with 
g' of the SC sector. Then, the above fixed point calculations with neglecting ga are not 
reliable and the above mechanism to produce hierarchically suppression Yukawa couplings 
would be spoiled. For example, here we assume that the gauge couplings of Gsm should 
not blow up below the GUT scale Mx = 2 x 10^^ GeV. Then we take the case that the 
beta-function coefficient of SU (3) is obtained by 63 = —3 (just like the MSSM) below Mc 
up to Mz and above Mc extra matter fields contribute to it as 63 = —3 + x. Fig. 1 
shows the curve of (Mc,x) corresponding to the gauge coupling g^, which blows up at 
Mx- We have used the one-loop beta-function. The region above the curve corresponds 
to the region where g^ blows up below Mx- 




2 4 6 8 10 12 14 16 



logio(Mc) [GeV] 
Figure 1: Blow-up of g^ 

^This form is similar to Yukawa couplings with power-law behavior due to Kaluza-Klein modes in 
extra dimensions, where extra dimensions actually plays a role similar to anomalous dimensions ||^ and 
in this case FCNC problems could be solved by the IR alignment mechanism [ p6| . 
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Also the gauge coupling unification is spoiled if we add generic extra matter fields. 
However, the coupling unification still holds at Mx in the case that we add extra mat- 
ter such that the beta-function coefficients shift universally from the values of MSSM, 
jjMSSM _^ ^MSSM X aX Mc- We assume this situation in the whole of this section. A 
value of the unified coupling ax changes from the value for the MSSM and in general, it 
becomes strong. 

In the previous section, we have seen that soft scalar masses are exponentially sup- 
pressed around the IR fixed point in the case that the corresponding anomalous dimension 
7j is determined definitely by eq. ([381) . That is favorable for FCNC constraints. Because 
after such suppressions at Mc, we have radiative corrections due to the gaugino masses 
of the SSM sector, which are flavor-blind. Actually, such possibility has been mentioned 
in ref. P|. However, in the previous section we have considered the pure SC sector. It is 
important to study effects of finite gauge couplings and gaugino masses of the SSM sector 
for realistic models. That is the purpose of the following section. Actually, we shall show 
the gauge couplings and the gaugino masses of the SSM sector play an important role. 

3.2 Degeneracy of sfermion masses 

In section 2, we have shown that within the framework of pure SCFTs soft scalar masses as 
well as gaugino masses and A-parameters decrease exponentially at Mc in the case that 
the corresponding anomalous dimensions are determined definitely. That is favorable 
from the viewpoint of FCNC problems. Because that would provide degenerate sfermion 
masses at the weak scale by flavor-blind radiative corrections due to gaugino masses of the 
SM sector. However, in a realistic case we have to examine two points for SSMs coupled 
with SCFTs: One is that we have to take into account effects due to gauge couplings and 
gaugino masses of the SM sector. The other point is that a running region is finite. The 
former point is considered in this subsection, while in subsection 4.2 the latter shall be 
discussed by use of an illustrating model. 

For concreteness, we consider the case that Mc is less than Mx and below Mc we 
have the same matter content as the MSSM. It is possible to assume Mc > Mx, that 
is, the Nelson-Strassler mechanism works above Mx- It is easy to extend the following 
calculations to such cases, although results are GUT model-dependent. 

Here we denote gaugino masses of the SM sector as Ma. We assume the universal 
gaugino mass Ma = M1/2 at the GUT scale Mx- Recall that the gauge coupling is unified 
at Mx in the case with the beta-function coefficients (61, 62, ^3) = (bf^^^'^^ + x, b^^^^^ + 
x,b^^^^ + x) and we are taking such case. It holds that Majoia is a RG invariant. 
Suppose that the theory is regarded as SCFT at the scale of Mc < fi < Mx- In the RG 
equations of soft scalar masses we ignore the gaugino mass and A-parameters A\ of the 
SC sector because they decrease rapidly. We shall be back to this point later. Then the 
RG equations for soft scalar masses are written down as 



drnf 



Mijm] - CiaaaMl 



/i 



djjL 




(41) 



11 



where Cia is a quadratic Casimir. In the pure SCFT hmit aa 0, the second term 
vanishes and soft scalar masses continue to decrease exponentially. However, the expo- 
nentially suppressing behavior is stopped by the second term. Evolution of aaM^ is small 
compared with exponential running of the soft scalar masses. Thus, the term aaM^ could 
be treated constant during the exponential running of the soft scalar masses. However, 
the finite size effect of aaM^ is important. The soft mass squared m| converges on 

^ ^a„(M,)M2(M,), 

J- i 

where we denote 

J- i 

The constant Fj can be obtained from fixed point values of the gauge and Yukawa couplings 
of the SC sector by fixing a model from eq. (piD, and it is of 0{'ji), that is, Fj < 0(1). 
What is important is that Fj is fiavor-dependent. Because anomalous dimensions 7^ are 
fiavor- dependent to realize hierarchical Yukawa couplings. Thus, the deference between 
sfermion masses, e.g. the first and the second families, is obtained by 

m^(M,) - m?(M,) = C f^aa{M,)Ml{M,) - ^) > (42) 

where Cia is denoted by C^^, because the quadratic Casimir is common. Here F2 would 
be smaller than Fi to obtain realistic Yukawa matrices. Naturally, we would have I/F2 — 
1/Fi = 0(1/F2). Below we have only fiavor-blind radiative corrections. Hence, the 
mass difference is estimated as eq. ( ^2|) at any scale below M^. Actually this difference is 
suppressed by the one-loop factor aa compared with the initial value and that is favorable 
for FCNC constraints. However, whether that is indeed suppressed enough for FCNC 
constraints depends on radiative corrections between and the weak scale, and an 
explicit value for F2. 

Before estimating nondegeneracy explicitly for the MSSM, we give a comment on the 
fact we have neglected the SC gaugino mass M' and A-parameters Aa, which correspond 
to tri-linear couplings among the SC sector and the SM sector. In pure SCFTs without 
effects of the SM gaugino masses Mq, all of them decrease exponentially as discussed 
in section 2. However, for nonvanishing UaMa they converge on M' = 0{aaMa) and 
Ax = 0{aaMa). The RG equations of soft scalar masses squared include the terms 
of M'^ and A\. These are small compared with aaM^ in eq. (^) by the loop factor 
That justifies our above calculations. 

Here we study degeneracy of sfermion masses explicitly for the MSSM. Sfermion masses 
in the MSSM are obtained at M^, 

116 1 
mlAMc) = —[-a,Mi + 3a2Ml + -a,M!]{Mc) (43) 

116 16 

mliMc) = —l-asMl + -a,M',]{Mc) (44) 
1 16 4 

mliMc) = —i-asM', + -a^M',]{Mc) (45) 
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mh{Mc) = -^[3a2M| + ^aiM2](Mc) (46) 

<iMc) = -^[^aiMi2](Mc). (47) 

To be explicit, here we write radiative corrections due to gaugino masses between Mc and 
Mz, 

l^glMKMJ (48) 
(49) 





-ml,{Mc) = 




m^^(Mz) 


-mUMc) = 




mliMz) 


-ml{Mc) = 




mUMz) 


-mL(Mc) = 




mUMz) 


-m^.(Mc) = 





«?(Mc; 

c^?(M^: 

aliMc] 
aliMz] 



WtiAQ (50) 
]M,^(MJ (51) 
]Mi2(Me) (52) 



af(Mc)^ 

(53) 

We have assumed to have exactly the MSSM matter content below Mc- These radiative 
corrections are quite large compared with the initial values at Mc- Thus, the nondegen- 
eracy. Am | = (m — m |, ) / m\ , where m| is an average value of them, is obtained 
as 

_ C/„a„(M,)Ag(M,) / 1 1 



To estimate such nondegeneracy, we define 



To be explicit, we use 



^ (16/3)ai(M,) + 3ai(M,) + (l/15)af (MJ 

« -(8/9)Aai + (3/2)Aai + (l/198)AQ;f ^ ' 

^ (16/3)ai(Mj + (16/15)a?(Me) 

-(8/9)Aai + (8/99)Aa2 ^^'^ 

^ (16/3)«i(Me) + (4/15)c.-KM,) 

-(8/9)A«i + (2/99)Aa2 ^''''^ 



^ 3c.i(M,) + (3/5)tfKM,) 
^ (3/2)Aal + (l/22)Aa? ^ ^ 



^ (12/5)af(Me) _ 66 a,{Mc) 

(2/ll)Aa? 5 l-(ai(M^)/ai(Mc))2' ^^^^ 

13 



where Aaf = q;|(Mc) — af (M^). Recall that we have assumed gaugino mass unification 
Ma — Ml/2 at the GUT scale M^. It should be noted that A^, therefore Am^, may be 
predicted independently of the SM gaugino masses. 

Fig. 2 shows Aq and Aj against M^.. We omitted to present A^, because it is almost 
same as Aj. As a result, this mechanism can realize favorable degeneracy between squark 
masses for large Mc- For Fj > 0.1 we could avoid the FCNC problem. On the other hand, 
the FCNC problem would be serious for smaller values of Fj. 




logio(Mc) [GeV] 
Figure 2: Aq and Aj against Mc- 



Similarly Fig. 3 shows A^ and Ag against Mg. We have a good degeneracy between 
left-handed sleptons. For Fj > 0.1 we could avoid the FCNC problem. However, for the 
right-handed slepton the degeneracy is not strong compared with squarks and left-handed 
sleptons. The reason is that the radiative correction due to the bino is not large compared 
with the others. In this case, we would face with the FCNC problem for Fj ~ O(O.l). 




0.04 I ^ ^ ^ ^ ^ 1 

10 11 12 13 14 15 16 

logio(Mc) [GeV] 
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Figure 3: and Ag against Mc. 



We have ignored contributions to the RG equations due to the U{1)y D-term. How- 
ever, such contribution would be sizable in particular for the right-handed slepton masses. 
Therefore we also discuss contributions due to the U{1)y D-term. Including such effects 
the right-handed slepton mass squared m% at Mc is obtained 

mUMc) = ^^«i[4Mi2 - Smc), (61) 

where S — TrFmf, i.e., 

S^ml^- + ^(m|. - 2m?, + m|. - m|. + m|). (62) 

i 

At Mc, the fields which do not couple to the SC sector, e.g. stop and Higgs fields, have 
non-suppressed soft scalar masses, and these masses contribute to the initial value of 
S{Mc), which is in general not suppressed and would be of 0{M^). In addition, the 
radiative corrections including the ^-effect are obtained 

mUMz) - mUMc) = ^[1 - 4^]Mf (M.) + ^[^4^ - l]5(Me). (63) 

11 ai[Mc) 11 ai[Mc) 

Fig. 4 shows Ae including these effects for S{Mc) = 0, -Mf{Mc) and -lOMf (M^). We 
have a slight suppression of Ag, but that is not drastic enough to change its order. Thus, 
for Fj = O(O.l) we would still have the serious FCNC problem. In this case, we may be 
required to take the degenerate case with 7ei = 7e2 and Fei = Fe2. That would constrain 
the form of lepton Yukawa matrix. 




0.05 - 
0.04 



10 



11 



15 



16 



12 13 14 

logio(Mc) [GeV] 

Figure 4: Ag against with S ^0, S ^ -M^ and S = -lOMf . 

We have assumed the universal gaugino mass Ma{Mx) — M1/2. We can relax the 
condition. However, all of the above results on degeneracy of sfermion masses are similar. 
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Because only one of gaugino masses contributes almost dominantly to each fermion mass 
degeneracy, that is, M3, M2 and Mi contribute to degeneracy of squark masses, left- 
handed slepton masses and right-handed slepton masses, respectively. 

We have assumed that the SC region is below Mx- Alternatively, We can take the 
possibility that the SC region is between Mx and the Planck scale, and the Nelson- 
Strassler mechanism would work in some GUT model. Such case can be studied similarly 
and we may have a significant change for the slepton masses. Such GUT scenario shall 
be discussed elsewhere P? . 



3.3 Mass spectrum 



Here we show representative mass spectra in the case that we have the exactly same 
matter content below Mq as the MSSM and the gaugino masses are unified at Mx, 
Ma{Mx) = Ml/2. As we saw in the previous subsection, sfermion masses can be quite 
suppressed at Mc for the fields, which couple with the SC sector and whose anomalous 
dimensions are determined definitely. Namely, we have no-scale type of initial conditions 
for such fields. Thus magnitudes of sfermion masses of this type are calculated only by 
radiative corrections between M^ and the weak scale Fig. 5 shows ratios of 

sfermion masses to M3 at the weak scale. The three solid lines correspond to mg/M^, 
mi/M^ and me/M^, respectively. We have taken = 0. Also the two dotted lines show 
ratios of gauginos to M3. The upper and the lower correspond to M2/M3 and M1/M3, 
respectively. Note that the right-handed slepton is lighter than the bino. In this case 
the LSP would be slepton and the ordinary no-scale type initial condition has the same 



problem |28|, although we have to take mass eigenvalues and it depends on the overall 
magnitude of soft masses. However, the f/(l)y D-term has a sizable effect as discussed in 
subsection 3.2. Fig. 6 shows me/M3 for S{Mc) = -0.5M|(Mz). In this case the LSP is 
the neutralino. 
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Figure 5: Ratios of sfermion masses to M3 at the weak scale. The three solid lines 
correspond to m^/Ms, mi/M^, and rrie/M^, respectively. The two dotted (upper and 
lower) lines correspond to ratios of gaugino masses to M3 (M2/M3 and M1/M3). 
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m~e/M- 




12 13 14 15 16 

logio(Mc) [GcV] 
Figure 6: m^/M^ for 5 = and -0.5M|. 

The masses of the sfermion which do not couple with the SC sector, e.g. stop masses 
(and sbottom and stau masses for the large tan/? scenario), depend on their initial con- 
ditions. It is natural to assume their masses are of 0(Af„(Afx)) or 0{Ma{Mc)). Note 
that the ratio M^[Mz) / Mij2 is less than 3, (which is expected in the ordinary MSSM) 
if Mc is lower than Mx- Because the unified gauge coupling becomes large by adding 
extra matter fields. We have a large mass gap between the stau and the other sleptons 
if the stau couple with the SC sector. On the other hand, whether stop is lighter than 
the other squarks depends on the initial condition. Anyway, we can predict definitely the 
mass spectrum for the sfermions coupling with the SC sector for fixed M^. Also we could 
relax the condition with the universal gaugino mass Ma{Mx) = M1/2. 



4 Analyses of squark masses in explicit models 
4.1 Models with suppressed soft parameters 

The models based on the SCFT with exponentially suppressed scalar masses are favorable 
phenomenologically in avoiding the flavor problems. In this subsection we consider the 
perturbatively renormalizable theories enjoying this property. Indeed we could consider 
also many varieties by using the SCFTs with higher dimensional operators as discussed 
in section 2. However, in that case, we should start with the assumption that there exists 
such IR fixed point, because of lack of RG frameworks applicable to non-renormalizable 
theories. Therefore we shall restrict ourselves to the renormalizable theories. Then the 
types of models with suppressed scalar masses are found to be rather hmited as follows. 

Suppose a quark (lepton) q couples to the SCFT through Yukawa interaction qQP. 
Then we seek for the models in which 7q + 7p is uniquely determined by the fixed point 
conditions in terms of the anomalous dimensions. In this case the squark (slepton) mass 
decreases exponentially as is shown in section 2. Now the interactions are limited to the 
Yukawa type in renormalizable theories. Here let us also assume that there is no Yukawa 
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terms composed only of non-singlet fields under Gsc- Then 7q + 7p must be determined 
by the condition for vanishing gauge beta function. This means that the gauge beta 
function should depend only of 7q + 7p. On the other hand the quadratic Casimirs of Q 
and P must be equal, since QP forms a Gsc-singlet. Therefore the dimensions of Gsm 
representations of Q and P are also necessarily the same. 

Taking into account the fact that q carries Gsm charges, possible types of the models 
seem to be rather limited. We shall enumerate a few simple examples below. 

1. Chiral SU{b) model 

The SC-gauge group Gsc is SU{Nc) and the SM-gauge group Gsm is SU{5). We 
introduce the following chiral fields assigned the representations under {Gsc, Gsm)] 

Q:(iVe,5), P:(iV„5), g:(l,10). (64) 

The superpotential is given hj W = XqQP. Then the IR fixed point is found to 
exist for Nc = 2, 3. 

In this class of models the SC-gauge non-singlet fields Q and P belong to the same 
dimensional representations of the SM-gauge group and, therefore, their anoma- 
lous dimensions are equal. All scalar masses, mQ,mp and rrig converges to 
irrespective of initial values. 

2. L-R symmetric SU{3) model 

Suppose Gsc = SU{Nc) and Gsm = SU{3) and introduce 

Q:(iV„3), Q:(iV„3), P:(iVe,3), P:(iV„3), 

gi:(l,3), gij:(l,3). (65) 

Also the superpotential is defined a.s W = X^qiQP + qRQP). The IR fixed point is 
found to exist for iVc = 3. 

The anomalous dimensions of Q and Q, also P and P are the same by the left-right 
symmetry. Therefore 7q + 7p is fixed by the fixed point equation given by eq. (^2]). 
In such cases, however, we need to assume toq = rriQ, m?p = m'p for exponential 
suppression of the scalar masses m^^ and riiq^. Note that mg or mp is not reduced 
to 0, though the sum of them decreases exponentially. 

For these types of models we cannot introduce two quarks with distinct anomalous 
dimensions in a single SC-gauge sector. f\ In other words we need to assume different 
SC-gauge theory for every quark or lepton to be given large anomalous dimension. There 
may be some exceptional cases that the Yukawa interactions composed only of the SC- 
gauge non-singlet fields are also allowed. In this paper we are not going to explore such 
possibilities here. Hereafter we discuss the IR behavior of the soft scalar masses by 
considering the models akin to the above examples. 

^The SU{3)^ model in rcf. g belongs to this class. 

^ The hierarchy of Yukawa couplings can be generated by assuming different decoupling scales Mc 
instead of the anomalous dimensions. In such cases we may make several quarks couple to a common 
SC-sector. 
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4.2 Sfermion mass convergence in SU{3)sc x SU{3)c model 

In subsection 3.2 we have evaluated the flavor dependence of squark masses. In this dis- 
cussion we have assumed that soft scalar masses in the SC-sector converge sufficiently. 
However, the range of scale where the theory is regarded as a SCFT must be finite, oth- 
erwise the Yukawa couplings are suppressed out too much. Therefore soft scalar masses 
would not converge completely either at the decoupling scale Mc- Degree of the conver- 
gence is related to the suppression for the Yukawa couplings. First let us estimate roughly 
how much the squark masses converge. 

Suppose that the theory is regarded as a SCFT at the scale of Mc < ji < Ac. In 
this region the soft scalar masses are subject to eq. (|4l|) ignoring the gaugino mass and 
A-parameter in the SC sector. Then the speed of convergence is given by the smallest 
eigenvalue ^ of the matrix M.. This eigenvalue is found to be the same order of the 
anomalous dimensions of 0j. Let us define the deviation of the squark mass from the 
convergent value by 8m^ = mf — (Ci/rj)a3M|. Then the deviation at Mc, which is 
estimated roughly as 

5ml{Mc) =e-«^'"(^^/^^^)5m,2(Ac), (66) 

has to be much less than a^^M^ in order that the formula for the squark masses given in 
the previous section are valid. Also if 5m1 is found to be much larger than a^M^, the 
squark masses may not be degenerate enough so as to avoid the flavor problem. 

The ratio of the Yukawa couplings is determined by the anomalous dimension of the 
quarks. By noticing that the eigenvalue is found to be the same order as the anomalous 
dimension, we evaluate 5m1 also as 

5ml (Mc) ~ ^^m? ( Ac) ~ ^m? ( Ac) , (67) 

where ruq. denotes the quark mass of i-th generation. Especially the deviation Sm^ for 
the second generation should be suppressed by a factor similar to ms/rrih ~ O(10~^). 
Therefore there may remain a large uncertainty in the squark mass due to this deviation 
at Mc for the second generation. If the squark mass is the same order as the SM-gaugino 
mass at Ac, this uncertainty is supposed to be much larger than the convergent value 
evaluated in the previous section. Therefore the SM-gaugino mass is required to be fairly 
larger than the squark masses at Ac. 

In practice the above argument is rather bold. In the followings we shall demonstrate 
the RG flows for the squark masses and their converging behavior explicitly in a concrete 
model and examine the convergence. Suppose both of the SC-gauge and SM-gauge groups 
are SU{3) and introduce the following chiral fields, 

Q = (3,3), Q = (3,3), P=(3,3), P=(3,3), 

= (1,3), g. = (l,3) (z = 1,2,3), H = (1,1). (68) 

The superpotential is defined by 

W = \{qiQP + qiPQ) + yiMiH. (69) 
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Here we have simplified the Yukawa couphngs to the diagonal ones. In this toy model only 
the Yukawa coupling of the first generation, yi is suppressed. Also we assume ttiq = itiq 
and mp = m'p. 

Below we analyze the RG flows of the various couplings numerically by substituting 
the anomalous dimensions in the exact beta functions with those evaluated in 1-loop 
perturbation. The anomalous dimensions are given by 

8 8 

7q = Ip = --a' + 2ax- -a, (70) 

8 8 
= 6ax - 3« + = -g" + = 2, 3), (71) 

7h = 3{ay^ + + ay^), (72) 

where a' = g''^/8n'^, a = g'^/Sir'^, ax = |Ap/87r^ and a^- = |?/jp/87r^. It is straightforward 
to derive the beta functions for all couplings by using formula shown in section 2. Here 
let us write down only the beta functions for soft parameters in the SC-sector; 

dM' 3a'(2-3a')r Sa'^ m 

''^ = -(27g'+7™), (74) 

<^ ^ ,75) 

an an ^ 



where 7^^-* and 7'-^^ are obtained by the superfield extension discussed in section 2. By 
neglecting terms of O(a^) or of 0{ayi) as negligible amounts, they are given by 

7q^ = -^a'M'-2axAx~^aM, (77) 

7;^^ = -6axAx-^aM, (78) 

7g) = -^a\2\Mf + A,,) + 2axi\Ax\' + ml + ml + ml)-^a\M\', (79) 

16 

^j^f = 6ax{\Ax\' + ml + ml + mj) - —a\M\\ (80) 

where Agi = 3a' (| M'p — mq — rn?p) as defined by eq. (|]). 

The fixed points are found at A: [a'^^ax*) = (5/16, 1/6) and B: {a'^,Oix*) = (3/16,0). 
The point A is the IR attractive fixed point and the anomalous dimensions there are 
found to be 

1 

7q* = 7p* = 2' ^91* = 

In the region that M' and Ax are suppressed to negligible amounts, the RG evolution of 
the sfermion masses are given by 

d ( ml + ml \ ^ ( I6a? + 4a.. 4a.. \ / ml + m^ \ 16 / 2 \ 

^dfi \ ml J \ 6ax* 6ax* 1 \ m\ J 3 ^ ^ \ l 1 ^ ' 
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Note that mg + rrip but not each of mq and rrip converges to 0(a|Mp) in this modeL 
When Q;|Mp is treated as a constant, the eigenvalues of this coupled equation are found 
to be (2.64,0.59). Indeed the smaller one ^ = 0.59 is close to the anomalous dimension 
1/2. Therefore degrees of suppression for the Yukawa coupling and the scalar masses 
are almost same in this model. It is also expected that the scalar masses converge as 
ml 0.78aM2, + m|, ^ A.bbaM'^. 

Now we present the results obtained by numerical analyses of the RG equations. In 
Fig. 7 the aspect of suppression for (yi, M', ^4;^) are shown with respect tot — logiQ(///Ac). 
Here we set a' and ax on the IR fixed point. The initial values for other couplings are 
chosen as follows: M' = Ax = 1.0, M = 5.0, a = l/(487r), Oj^i = l/(87r2). The value of 
a refers to the GUT gauge coupling. It is seen that the Yukawa coupling is smoothly 
suppressed. If we suppose Mc to be the scale that the Yukawa coupling is suppressed by 
10-^ then tc = logio(Me/Ac) is found to be -2.01. 




-3.-----^^-5^-^-=2- — ^_-lr5r.r_-l -0.5 



Figure 7: The running couplings {yi, M', Ax) are shown in ratio to their initial values by 
a solid, a dashed and a long-dashed line respectively, t — logiQ^i/ Ac). 

Next we examine the RG flows of the sfermion masses by varying the initial values 
and observe the converging behavior. Fig. 8 shows the RG flows obtained by varying the 
initial value for ml between [0.0, 2.0] with setting = mp = 1.0. It is seen that the 
sfermion masses converges to the values of 0{a\M\'^), though the coefficients are shghtly 
shifted from the above naive estimation; ml — > O.SaM^. It is found also that the range 
of ml shrinks to about 5% of initial one at M^.. Actually we obtain the almost same 
results for any setting for the initial couplings. For generic initial sfermion masses of 
the same order of the SM-gaugino mass given at Ac, then the deviation Sm^ is found to 
remain about 10 times larger than the converging value at Mc- Thus we conclude that 
the strongly degenerate squark mass spectrum evaluated in section 3 is indeed achieved 
irrespective of the initial sfermion masses, if the SM-gaugino mass is fairly larger than 
them. 

In practice the theories must become SCFTs at a certain scale in order to generate 
finite ratio among Yukawa couplings. Therefore we have also performed the similar ob- 
servations by assuming the initial vales of a' and ax off the fixed point at higher energy 
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m 




scale Ao > Ac. However the results obtained on the convergence for the sfermion masses 
are not significantly changed. 



5 Generation of /i-term by a singlet 

So far, we have discussed the cases that the large anomalous dimensions for quarks and 
leptons are determined definitely. It has been seen that the corresponding sfermion masses 
are exponentially suppressed and converge to non-vanishing values due to effects of SM- 
gaugino mass. It will be shown that this converging value for (mass)^ can be negative 
for a singlet field coupled with the SC sector. The order of the tachyonic (mass)^ is fixed 
to O(aM^), namely the weak scale, irrespectively of the bare scalar mass. On the other 
hand the weak scale mass term (/i-term) in the supersymmetric SM has no theoretical 
grounds and poses the so-called /i-problem [Q. It has been discussed sometimes that 
a singlet can explain the /x-term by developing its vacuum expectation value (VEV) of 
the weak scale [^, In this section we propose another solution for the /i-problem by 
considering a singlet field coupled with the SC sector. 

Suppose that a singlet field S coupled to the SC-sector through the superpotential Q 

W = SQQ + S\ (82) 

Here we also assume that {Q,Q) carry SM-gauge charges. By assuming mg = rriQ, the 

^'^ Here we assume the bare /i-term is absent in the superpotential. Indeed the /x-term may be prohibited 
by imposing a discrete symmetry. However the discrete symmetries lead to a cosmological problem by 
forming domain walls in general. Alternatively we may introduce an extra U{1) gauge symmetry to forbid 
the bare /i-term. 
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form of the RG equations for the scalar masses are given generally as 



= {a + 2b)mQ + bml-CQa\M\^, 

= 2cmQ + cm|, (83) 

where the gaugino mass and A-parameter are ignored again. The coefficients a, h, c and 
Cq are positive and determined by group-theoretical factors. 

If Q and Q are SM-gauge singlets, or Cq = 0, the scalar masses rriQ and m| are 
reduced to exponentially. However the correction by the SM-sector gaugino, Q;|Mp, 
makes the scalar masses converge to non-vanishing values. We can treat the gaugino 
mass as well as the gauge coupling in the SM-sector as constants, since their evolution is 
slow enough. Then the scalar masses converge to 



a 

'2Co I ^ ,|2 



ml ^ _rr^Q;|M|^ (84) 
a 

Here we should note that the singlet S becomes tachyonic irrespective of the initial values 
of the scalar masses. The singlet mass remains to be tachyonic and also appears in 
0{aM'^{Mc)) at the weak scale. Thus the singlet field S necessarily acquires a VEV of 
this order through coupling to the SC-sector. If the Yukawa couphng SHuH^, exists, the 
/x-term is generated as the order of the weak scale automatically. 

The singlet field generating the ^-term of the weak scale can be incorporated with 
the SC-sector inducing Yukawa suppression. Here let us demonstrate this by introduc- 
ing a singlet to the SU{3)sc x SU{3)c model analyzed in section 4. We extend the 
superpotential of the SCFT as 

W = X{qiQP + qiPQ) + yijmjH + X'SQQ + X"SPP + SH^ + S\ (85) 

At the IR fixed point the anomalous dimensions are fixed to be 7q — — — 1/2,7^^ = 
75 = 1. It is seen that A' = A" at the fixed point from ■jq = jp. 

Below we examine the RG equations by applying the anomalous dimensions obtained 
by 1-loop perturbation: 

8 8 
7q = --a' + 2ax + ax> - -a, (86) 

8 8 
7p = --a' + 2ax + ax>> - -a, (87) 

g 

7<?i = 6aA - -a, (88) 
75 = 3q;a' + 3q;a". (89) 

The IR fixed point couplings arc found at = 3/16, oa* = ay* = 1/6. By ignoring the 
gaugino mass and A-parameter of the SC-sector again, the RG equations for the scalar 
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masses are given by 
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m} 



where the fixed point couphngs are used. From this equation it is found that the scalar 
masses converge as 

^ ml.\ / 16/27 \ 

ml -aM' 11/27 . (91) 

m| ; ^ 1-16/2?; 

Thus it is seen that the singlet becomes tachyonic indeed. 

As another possibility for a singlet to develop the weak scale VEV, we may consider 
the SCFTs whose anomalous dimensions are not uniquely determined by the fixed point 
conditions (p^). In such cases the sfermion masses converge to certain values of the same 
order as the initial masses. Therefore the singlet field can be driven to be tachyonic by the 
Yukawa coupling to the SC sector. However, the converging values depend on the initial 
conditions and, hence, it is not automatic for the singlet to become tachyonic contrary to 
the above case. 



6 Conclusions and discussions 

We have studied soft SUSY breaking parameters in the Nelson- Strassler type of mod- 
els: SSMs coupled with SCFTs. We have clarified the condition to derive exponentially 
suppression of sfermion masses within the framework of pure SCFTs, that is, we have 
suppressed sfermion masses for the fields whose anomalous dimensions are determined 
definitely. 

In a realistic case with non-vanishing gauge couplings of the SM sector, however, 
the terms O-aM"^ in RGEs of sfermion masses play an important role to realize degener- 
ate sfermion masses. The sfermion masses converge on ©(a^M^) and these are fiavor- 
dependent unless 7^ = 7^. We have shown explicitly how much degeneracy we have be- 
tween sfermion masses in the MSSM. For squarks we can have suppression strong enough 
to avoid the FCNC problem. On the other hand, for sleptons such suppression is weak. 
For squarks this mechanism is attractive even if we could not obtain sufficiently realistic 
Yukawa matrices only by the Nelson- Strassler mechanism, that is, it might be useful to 
introduce a SC sector in order only to suppress initial non-degeneracy between squark 
masses. 

We have assumed that the SC region is below Mx- It is also possible that the SC 
region is above Mx and the Nelson-Strassler mechanism would work within the GUT 
framework. Such case can be studied similarly and we would have a significant change 



for the slepton masses. Such GUT scenario shall be discussed elsewhere . 

Also we have discussed the possibility for generating the /x-term. We can have natu- 
rally the singlet fields which have tachyonic masses of 0{Mz) and whose VEVs generate 
the supersymmetric mass term of the Higgs fields. It might be possible that a similar 
mechanism generates mass terms of the SC matter fields, so that they would decouple 
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the SC sector from the SM sector. This decouphng scale of the SC sector is of 0{Mz), 
Mc = 0{Mz). That has the problem of the blow-up of Qa as discussed in subsection 3.1, 
if those are charged under Gsm- 

Moreover, an application to the neutrino sector is interesting. Since the righ-handed 
neutrino is G^M-singlet, we have less limitation for model building. Such application 
would be studied elsewhere. 

We have studied mainly the degenerate solution for the FCNC problem. Finally we 
give a comment on the decoupling solution. It has been shown that the sfermion masses 
exponentially damp in the case that their anomalous dimensions are determined definitely. 
Otherwise, squark/slepton masses are of the same order as initial values. Suppose that 
soft SUSY breaking terms appear only in the SC sector including squarks/sleptons coupled 
with this sector, while the SM sector has no SUSY breaking terms, that is. Ma = for the 
gaugino masses of the SM sector and mf = for the stop as well as for the sbottom and 
stau for the large tan/3 scenario. In this case, the gaugino and the stop field of the SM 
sector gain masses due to higher loop effects from the SC sector. Thus, those masses are 
suppressed by loop factors compared with the squark masses of the first and the second 
families. That is one of possibilities to realize the decoupling solution. However, note that 
although squark masses of the first and the second families appear in the same order as 
initial values in general, the sign of (mass)^ as well as the values are totally dependent on 
initial sfermion masses in the SC sector. We must choose the initial conditions to avoid 
tachyonic sfermion masses. 
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